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 v 
Summary 
The Midlands groundwater and land assessment project aimed to identify 2000–
3000 hectare (ha) precincts suitable to develop intensive irrigated horticulture. The 
primary focus area was at Irwin, where the Department of Water and Environmental 
Regulation investigated groundwater resources and the Department of Primary 
Industries and Regional Development undertook a multi-faceted site assessment. This 
report describes the hydrological hazards assessment for the Irwin focus area. 
The Irwin focus area is located on fertile loam and clay flats associated with the Irwin 
River. In the east, it encompasses the Irwin River valley floor and the western boundary 
loops to the south of the Irwin River to capture an area of alluvial clays. The Gingin 
Scarp forms a boundary between the east and west parts of the focus area. 
We used groundwater data from resource condition monitoring in the Arrowsmith 
Hydrozone to assess the hydrological hazards in the Irwin focus area and guide more 
intensive field investigations. We undertook a shallow drilling program to investigate the 
profile and to sample and monitor the watertable in the western part of the Irwin focus 
area. Monitoring bores were established at 13 sites on the alluvial clay flats. 
The shallow drilling program was complemented with ground-based electromagnetic 
surveys. A vehicle-mounted system was developed to record electrical conductivity 
measurements from Geonics™ EM38 and EM31 instruments. 
Historical groundwater level monitoring in the Irwin River valley indicates consistently 
rising groundwater levels east of the Gingin Scarp in the Arrowsmith Hydrozone. This 
trend and shallow depth to groundwater poses a significant risk of dryland salinity 
developing in this landscape. This existing hydrological hazard, rising groundwater and 
salinity, makes the eastern part of the focus area unsuitable for irrigated horticulture. 
West of the Gingin Scarp, the soil profile under the alluvial flats that extend south of the 
Irwin River is dominated by stiff, moist, grey clay that becomes red-brown or mottled 
brown and pale grey clay with depth. 
While the surface soils are not salt-affected, there is significant salt storage at depth, 
starting from about 3m to about 7–10m. Since groundwater is not rising in this area the 
regolith salt storage is not a hazard for dryland agriculture. However, if irrigation water is 
applied and groundwater rises, it will become a significant hazard. 
The hydraulic properties of the alluvial clays could not be closely observed during the 
investigation because of the absence of recharge due to low rainfall. However, the drill 
cuttings of heavy, moist clay indicate that there is low hydraulic conductivity or 
permeability. If the surface soils were to become saline from irrigation, they would likely 
remain saline because of the limited leachability of the clays. 
.
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1 Introduction 
The Midlands groundwater and land assessment was a $4.7 million project of the Water 
for Food Program that aimed to confirm groundwater availability at one or more focus 
areas to identify 2000–3000ha precincts suitable for intensive irrigated horticulture. Two 
focus areas were selected at Irwin and Dinner Hill. 
The Irwin focus area is in the Shire of Irwin 13 kilometres (km) east of Dongara. 
Department of Water and Environmental Regulation investigated groundwater 
resources and DPIRD undertook a multi-faceted site assessment that included: 
• soil and land capability 
• crop and climate analysis 
• characterisation of potential land 
• hydrological hazards posed by developing intensive irrigated horticulture. 
This report describes the hydrological hazards assessment for the Irwin focus area. 
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2 Background 
2.1 Irwin focus area 
Small-scale horticulture is established at Irwin and the Irwin River area has long been 
touted as having the potential for horticultural expansion. Previous investigations were 
undertaken, such as Doug McGhie and Associates and ACIL Economics & Policy Pty 
Ltd (n.d.) more than 20 years ago. 
The boundary of the Irwin focus area was originally identified by the Department of 
Water (2017). It straddles the Gingin Scarp (Mory 1995) to the east of Dongara, on 
fertile loam and clay flats associated with the Irwin River (Figure 2.1). 
East of the Gingin Scarp, the focus area boundary follows both sides of the Irwin River 
flats. West of the scarp, the boundary loops to the south of the Irwin River and captures 
the Yardarino Flats. This is an area of alluvial clays deposited between north–south 
ridges of Tamala Limestone that are composed of aeolian limestone deposits and 
residual calcareous and quartz sands (Mory 1995). The Yardarino Flats extend north 
and south of the Irwin River, but only the southern portion is within the focus area, and 
the eastern edge marks the base of the Gingin Scarp. 
Complementary investigations describe the following characteristics of the Irwin focus 
area: 
• geology, geomorphology, soil-landscape zones and soils (Griffin et al. in press) 
• crop and climate analysis (van Wyk 2018). 
There is existing irrigated agriculture in the northern portion of the focus area, and just 
to the north of the focus area, centre pivots are used to irrigate pasture for livestock 
production. 
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Figure 2.1 Irwin focus area 
2.2 Hydrozones 
Soil-landscape zones are based on geomorphology or geological criteria and are 
typically 1 000–10 000 square kilometres (Schoknecht et al. 2004). The concept of 
hydrozones is based on soil-landscape zones (Raper et al. 2014). Hydrozones often 
coincide with individual soil-landscape zones, but they can also be an amalgamation of 
soil-landscape zones. 
The Arrowsmith Hydrozone was defined by the amalgamation of three soil-landscape 
zones: Victoria Plateau Sandplain, Geraldton Coastal and Arrowsmith. Within the 
Arrowsmith Hydrozone, the Yarragadee Formation contains a mostly unconfined aquifer, 
hosting a significant, generally low salinity, regional groundwater system (Raper et al. 
2014). 
The Irwin focus area lies within the Arrowsmith Hydrozone. Geological mapping at a 
scale of 1:100 000 confirms that the Irwin focus area is underlain by the Yarragadee 
Formation (Mory 1995). 
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2.3 Hydrological hazards 
Converting a large area of land from dryland agriculture to irrigated agriculture presents 
two main hydrological hazards: salinity and waterlogging. 
Firstly, applying marginal to poor quality irrigation water may cause a build-up of salts or 
other toxins in the root zone, leading to poor germination and growth of crops. The 
degree to which crops are affected depends on the concentration and type of salts in 
the irrigation water, the volume of water applied and the hydraulic properties of the soil. 
There is potential to manage the build-up of salts with increased leaching fraction, to 
flush salts below the rooting depth of crops; however, the effectiveness of this approach 
depends on the soil hydraulic properties and the depth to the watertable. 
Secondly, applying irrigation water will induce more recharge, potentially causing the 
watertable to rise to a level where it may inhibit root growth. Even if the watertable 
remains below the crop root zone, the capillary fringe may accumulate salts in surface 
soils via evaporative concentration.  
Our investigations and assessment in the Irwin focus area were guided by these two 
hazards. 
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3 Methods 
3.1 Resource condition monitoring 
DPIRD monitors groundwater via a network of 1500 surveillance bores across the 
South-West Agricultural Region of Western Australia (Raper et al. 2014). One of these 
bore sites, GS18, is in the Irwin focus area (Figure 2.1). Time series depth to 
groundwater data has been collected from bore GS18B since December 1996. 
Two other surveillance bores, which were installed in 2008, are close to the Irwin focus 
area: 
• 08AZ8D is on the edge of Sand Plain Creek, a tributary of the Irwin River, 1.4km east 
of the focus area boundary  
• 08AZ9D is in a mid-slope position, 1.5km north of the focus area boundary.  
Time series depth to groundwater data has been collected from these sites since March 
2008. 
Groundwater data from these three sites, combined with data from sites further afield in 
the Arrowsmith Hydrozone (Figure 3.1), were used to assess hazards in the Irwin focus 
area and to guide where more-intensive field investigations were required.  
A useful method for analysing and displaying the effect that rainfall has on groundwater 
levels is ‘accumulative monthly residual rainfall’ (AMRR; Ferdowsian et al. 2001). 
AMRR is the sum of the difference between the observed monthly rainfall and the 
average monthly rainfall. If AMRR is increasing, the monthly rainfall is exceeding the 
long-term average, indicating wetter periods and rising groundwater levels. If AMRR is 
decreasing, the monthly rainfall is less than the long-term average, indicating drier 
periods and declining groundwater levels. 
We used rainfall data from the Bureau of Meteorology (BoM) site at Irwin House 
(Figure 2.1) to derive AMRR for analysis of data from the surveillance bores. Rainfall 
data from closer BoM sites was available for bore GS13 (Geraldton Airport) and bores 
LS21B and LS25B (Twin Hills), but it was not used because all three datasets were very 
similar and showed the same trends. 
Hydrological hazards in the Irwin focus area 
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Figure 3.1 Groundwater monitor ing sites used to assess hazards in the Irwin 
focus area 
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3.2 Drilling program 
To further investigate the hydrology of the Yardarino Flats by providing an even spread 
of sites, a drilling program was conducted in November 2016.  
In 2016, the entire Yardarino Flats in the Irwin focus area was cropped. Canola was 
planted on the middle two-thirds of the flats and wheat was planted on the northern and 
southern paddocks. The 2016 growing season was favourable and produced above-
average yields. We could not access the northern and southern paddocks because of 
the late wheat harvest and the subsequent risk of fire presented by the thick stubble. 
Our access was therefore restricted to the canola paddocks after harvest. The thick 
canola stubble presented a severe tyre-staking hazard, so tracks were cut to access our 
drill sites. 
We chose drill sites along fencelines to provide some protection for bore headworks 
and to minimise interference with future cropping. Thirteen sites were planned in a grid-
like pattern in the canola stubble. A fourteenth site was added, just outside the 
Yardarino Flats in the south of the Irwin focus area. Figure 3.2 shows the drill site 
locations and their unique identification numbers. 
3.2.1 Drilling 
DPIRD staff undertook drilling from 21 to 24 November 2016, using a track-mounted, 
EVH Rhino 2100 drill rig with a 100mm diameter drill bit and 89mm diameter augers to 
remove cuttings from the hole. The size of the rig and use of augers limited the depth 
that could be drilled so the deepest hole was only 16m. Most of the holes were 13–14m 
deep. 
The physical characteristics of soil profiles were described during drilling (Appendix A). 
3.2.2 Bore construction 
All of the drill sites were converted to shallow groundwater monitoring bores using PN12 
50mm uPVC casing with PN18 uPVC end caps. The casing intake sections were 
machine-slotted with a 0.5mm aperture. All shallow bores were constructed with 6m 
slotted intake sections from the bottom of the bore. 
The annulus around the slotted intake section of each bore was packed with 1.6–3.2mm 
diameter graded gravel. Each annulus was back-filled to ground level, firstly with gravel 
and then packed with drill cuttings which were pressed down to reduce the risk of 
surface water leaking down the annulus. 
Bore tube tops were cut off 0.5m above the ground surface. We cut the tops off 0.5m-
high red witches hats, so they would fit snugly over the bores (Figure 3.3). This further 
reduces the chance of surface water leaking down the annulus and will enhance 
visibility of the bores during future cropping operations. 
Hydrological hazards in the Irwin focus area 
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Figure 3.2 Locat ion of  dri l l  s ites in the dr i l l ing investigat ion area on the 
Yardar ino Flats 
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Figure 3.3 Shallow groundwater monitor ing bore site 16IR13OB  
(foreground) and t ipping bucket rain gauge (background) 
3.2.3 Sampling 
Drill samples were collected over 1m intervals. Samples were weighed to within a tenth 
of a gram before being oven dried at 60°C. After oven drying, the samples were 
weighed to within a tenth of a gram to calculate the gravimetric water content. 
We used the displacement method to calculate bulk density of the samples. A small 
clod, typically weighing 80–90g, was dropped into a 250mL graduated cylinder of 
distilled water and we immediately observed the change in water level in the cylinder. 
The remaining sample was then ground using a mortar and pestle. We used this to 
prepare chip trays which are stored at DPIRD’s Geraldton office. To measure pH and 
electrical conductivity of a 1:5 soil:water suspension (EC1:5), 10g of pounded sample 
was added to 50mL of distilled water in a plastic sample container. The sample was 
mixed by rotating in a rotary mixer for one hour, then left to settle for 15 minutes. The 
EC1:5 and pH of the solute was then measured with a WTW® pH/Cond 340i/SET 
handheld multimeter, after calibrating the meter with new calibration solutions. 
Groundwater samples were collected with a stainless steel bailer, manually lowered into 
the bores. The electrical conductivity and pH of retrieved groundwater samples was 
measured in the field immediately with the WTW® handheld multimeter. 
3.2.4 Groundwater monitoring 
Two Schlumberger™ CTD-Diver pressure transducer data loggers were installed at 
bore 16IR13OB. One of the data loggers was set below the watertable and the other 
was housed in a box on a pole. The data logger in the bore recorded groundwater 
electrical conductivity, groundwater temperature and groundwater pressure every four 
hours. The data logger in the box recorded barometric pressure and temperature every 
four hours. 
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Manual watertable measurements were made by suspending a ‘plopper’ on the end of a 
fibreglass measuring tape. 
3.2.5 Downhole logging 
A Geonics™ EM39 downhole logging system was used to obtain geophysical logs of 
the profiles. The EM39 system used two separate probes to log electrical conductivity 
and gamma radiation. 
3.2.6 Rain gauges 
Standard BoM tipping bucket rain gauges with duplicate data loggers to provide backup 
were mounted on poles at bores 16IR1OB and 16IR13OB (Figure 3.3). 
3.2.7 Surveying 
Bore location and elevation surveys were undertaken with a Real-time kinematic GPS. 
The GPS was positioned at each bore for a minimum of two hours. Positions were 
derived using Geoscience Australia’s AusPos™ post-processing service. 
3.2.8 Drill logs 
Drill logs were compiled using WinLog4™. The drill logs recorded location, elevation, 
profile description, soil chemistry, geophysical logs, construction details and 
groundwater information (Appendix A). 
3.3 Electromagnetic ground conductivity surveys 
Electromagnetic ground conductivity surveys were undertaken using two Geonics™ 
instruments simultaneously. A Geonics™ EM38 was towed behind a four wheel drive 
vehicle in a purpose-built sled. A Geonics™ EM31 was mounted on a purpose-built 
plastic frame, suspending it 0.8m above the ground and 1.3m in front of a Smartbar™ 
fitted to a four-wheel drive (Figure 3.4). 
 
Figure 3.4 Electromagnetic instrument conf igurat ion 
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The orientation of the intercoils in the electromagnetic instruments influences the depth 
of penetration of the electromagnetic field. Typically, the effective depth of penetration is 
1.5 times the intercoil separation in the vertical mode, and 0.75 times the intercoil 
separation in the horizontal mode (Reynolds International 2011). The EM38 has an 
intercoil spacing of 1m and it was used in the horizontal mode, delivering an effective 
depth of penetration of up to 0.75m. The EM31 has an intercoil spacing of 3.67m 
(McNeill 1996) and it was used in the vertical mode, delivering an effective depth of 
penetration of up to 5.5m.  
Each instrument was independently operated. A GPS receiver was attached to the 
EM38 housing on the sled and connected to a data logger inside the vehicle. A GPS 
and data logger were attached to the plastic frame next to the EM31. 
The paddocks in the drilling investigation area were planted with canola in 2016 and 
wheat in 2017. Conversely, the two northern paddocks and the most southern paddock 
on the flats were planted with wheat in 2016 and canola in 2017. The 2017 canola 
paddocks were not included in the electromagnetic survey because there was a risk 
that the stubble would stake the vehicle’s tyres. However, the low, sparse wheat stubble 
following harvest and grazing meant there was a reduced risk of fire, which allowed for 
full vehicle access. As a result, the boundary of the electromagnetic surveys coincides 
with the boundary of the drilling investigation area. 
The survey was undertaken by driving across the flats in east–west transects (where 
practical), parallel to fencelines. The survey was mostly carried out at speeds of 15–
20km/h and took seven days to complete. We estimated the line spacing as the vehicle 
was turned around at the end of each transect, attempting to make lines 20–40m apart, 
with measurements recorded every 1–2 seconds. Figure 3.5 shows the location of 
readings recorded by a GPS. The locations were recorded as individual dots but appear 
to be a continuous line at times, showing how densely the data was collected along the 
transects. 
The seven days of collecting field data were not continuous. Data collection occurred on 
8, 9, 11, 22, 23, 29 and 30 January 2018. Between 14 and 16 January 2018, the rain 
gauge at bore 16IR13OB recorded 21.4mm of rainfall. 
The electromagnetic data was processed and imaged using Dat31W™, Microsoft 
Excel™ and Hexagon GeoMedia™. Dat31W™ was used to convert raw GPS and 
salinity data into a comma-separated values (.csv) file which could be read by 
GeoMedia. The data from the EM38 was already in this format.  
The EM38 data was very ‘noisy’ and required considerable editing before it could be 
imaged. The Irwin area has a long agricultural history. It was first developed in the 
1850s and the flats were probably initially subdivided into farms of 8–12ha. Over such a 
long history of farming, it is likely that metallic artefacts are buried under the surface. 
This is likely to be the source of many of the anomalies in the shallow electromagnetic 
data. The data was cleaned by removing these anomalous values. 
Within GeoMedia, a spline interpolation with a 1.5m2 cell size was used to grid the data. 
This created a smoothed, continuous surface. The colour stretch was determined by 
apparent soil electrical conductivity (ECa) versus soil salinity classes described by 
Officers of the Division of Resource Management (1991; Table 3.1). 
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This gridded data was then used to produce a map of salinity classes near the surface 
(Figure 4.7) and a map of salinity classes deeper in the profile (Figure 4.8). 
 
Figure 3.5 GPS locat ions of  electromagnetic readings 
Table 3.1 Soil sal inity classes based on the apparent soil  
electrical conductivity  
Soil salinity EM38 horizontal mode (mS/m) EM31 (mS/m) 
Low 0–35 0–40 
Slight 35–70 40–80 
Moderate 70–150 80–120 
High  150–250 120–200 
Extreme >250 >200 
3  Methods 
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Source: Officers of the Division of Resource Management (1991) 
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4 Results 
4.1 Groundwater 
4.1.1 Long-term monitoring 
Figure 4.1 displays the hydrographs of monitoring bores 08AZ8D and 08AZ9D. This 
covers the period since the bores were installed in March 2008 until April 2018. 
The groundwater levels were plotted as elevations in metres above Australian height 
datum (mAHD), to compare trends on the same graph. The depth to groundwater is 
very different in each bore. In April 2018, the depth to groundwater at bore 08AZ8D was 
1.71m and at bore 08AZ9D, it was 35.32m. 
Applying a linear trend to the data from bore 08AZ8D showed groundwater is rising at a 
rate of 8 centimetres per year (cm/y), with an R-squared value of 0.97. Applying a linear 
trend to the data from bore 08AZ9D showed groundwater is rising at a rate of 4cm/y, 
with an R-squared value of 0.75. 
Bores 08AZ8D and 08AZ9D are thought to be screened in the Yarragadee Formation. 
In August 2017, the EC of groundwater in bore 08AZ8D was 215mS/m, and in bore 
08AZ9D, it was 203mS/m. These conductivities are on the borderline between fresh 
and brackish quality water.  
 
Figure 4.1 Hydrographs for bores 08AZ8D and 08AZ9D, with AMRR at Irwin 
House, 2008–18 
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The hydrographs of monitoring bores GS18B and GS13 and AMRR at Irwin House are 
shown in Figure 4.2 and Figure 4.3, respectively. This data covers the period from 
December 1996 to April 2018, more than a decade longer than the data from bores 
08AZ8D and 08AZ9D. 
Bore GS18B is screened in the Guildford Formation, 3m above the Yarragadee 
Formation, where the groundwater salinity was 1150 milligrams per litre (mg/L; 
approximately 210mS/m) in 1994 (Koomberi 1994). Bore GS13 is screened in the 
Cattamarra Coal Measures, where the groundwater salinity was 4270mg/L 
(approximately 775mS/m) in 1994 (Koomberi 1994). 
The hydrographs for monitoring bores LS21B and LS25B and AMRR at Irwin House are 
shown in Figure 4.4. These bores are screened in the Yarragadee Formation. The 
groundwater salinity in bore LS21B was 2560mg/L (approximately 465mS/m) in 1990, 
and in bore LS25B it was 920mg/L (approximately 170mS/m) (Nidagal 1995). 
 
Figure 4.2 Hydrograph for bore GS18B with AMRR at Irwin House, 1996–2018 
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Figure 4.3 Hydrograph for bore GS13 with AMRR at Irwin House, 1996–2018 
 
Figure 4.4 Hydrographs for bores LS21B and LS25B with AMRR at Irwin House, 
1996–2018 
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4.1.2 This investigation 
Figure 4.5 shows the hydrographs for the monitoring bores that were installed for this 
investigation. The watertable was intersected at 9 of the 14 sites. 
The watertable is shallowest (and at the highest elevation) in the south-east of the 
drilling investigation area and becomes deeper to the north and west. The five 
monitoring bores that did not intersect the watertable are all in the north-west part of the 
drilling investigation area (Figure 4.6). 
The watertable has a westward gradient of 0.3% in the north of the drilling investigation 
area between bores 16IR4OB and 16IR5OB, and 0.1% between bores 16IR12OB and 
16IR13OB in the south. The north-westerly gradient of the watertable is 0.1% between 
bores 16IR12OB and 16IR5OB. The gradient of the watertable is opposite to the 
gradient of the land surface (Griffin et al. in press). 
Groundwater quality ranged from 170mS/m (fresh) to 1530mS/m (saline). Groundwater 
pH was mostly neutral and ranged from 5.52 to 7.67 (Table 4.1). Depth to groundwater 
and groundwater EC values are shown spatially in Figure 4.6. 
 
Figure 4.5 Hydrographs for bores instal led for this investigat ion and dai ly 
rainfal l,  December 2016 to Apr i l 2018 
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Figure 4.6 Depth to groundwater and groundwater electr ical conduct ivity in the 
dri l l ing invest igat ion area 
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Table 4.1 Summary of the dril l ing results 
Drill site 
Depth 
drilled (m) 
Depth 
screened 
to (m) 
Depth to 
watertable (m) 
18 Sept. 2017 
Groundwater 
electrical 
conductivity (mS/m) 
18 Sept. 2017 
Groundwater 
pH 
18 Sept. 2017 
16IR1OB 14 11.64 10.95 1530 7.26 
16IR2OB 14 11.39 Dry n/a n/a 
16IR3OB 12 10.65 Dry n/a n/a 
16IR4OB 13 12.63 10.29 670 5.52 
16IR5OB 14 12.58 11.25 1260 6.86 
16IR6OB 13 11.80 Dry n/a n/a 
16IR7OB 13 13.18 8.59 210 7.67 
16IR8OB 14.5 14.21 11.12 250 7.13 
16IR9OB 16 12.30 Dry n/a n/a 
16IR10OB 13 14.76 7.58 1190 7.03 
16IR11OB 13 12.28 Dry n/a n/a 
16IR12OB 13 12.86 5.94 760 6.80 
16IR13OB 13 12.21 6.39 290 6.68 
16IR14OB 13 9.77 4.85 170 7.50 
n/a = not assessed 
4.2 Regolith 
Drilling was undertaken in November 2016, shortly after the canola crop was harvested. 
Detailed drill logs are presented in Appendix A and a summary of the drilling results is 
presented in Table 4.1. 
The surface soil was dry and easily crumbled into a powdery clay. At all drill sites on the 
Yardarino Flats, the surface soil was grey, cracking clay. Within the first metre, the 
profile was grading to heavy, moist clay. Within a few metres, the soil profile became 
red-brown or mottled brown and pale grey clay. 
The cuttings returned from drilling at all sites on the alluvial clay flats were dominated by 
clay, except at bore 16IR13OB, where dark-coloured clayey sand was intersected at 8m 
deep. 
At every site, within about 0.5m of the surface, the profile became moist and the drill 
cuttings felt close to being saturated. Most of the drill cuttings dried into firm ribbons that 
were suitable to break into appropriately sized fragments to drop into a measuring 
cylinder to calculate volumetric water content. The average volumetric water content of 
all samples measured was 35%, including the 0–1m samples at 12 of the 13 drill sites 
on the Yardarino Flats. Volumetric water content measurements ranged from 13% to 
66%. 
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The average EC1:5 of the surface soils at the drill sites was 31mS/m, with only one site 
above 35mS/m. The average EC1:5 of the 0–1m samples was 37.5mS/m, with all sites in 
the 20–40mS/m range, except at bore 16IR12OB where it was 99mS/m. 
Most of the soil profiles showed a salt bulge at depth. It typically became pronounced by 
about 3m below the surface and often reached a peak at 7–10m deep. Salinity levels 
within the bulge ranged from 67 to 210mS/m, with an average of 123mS/m. 
Further analyses of drill cuttings (EC1:5, pH, bulk density, and gravimetric and volumetric 
soil water content) are presented in Appendix B. 
4.3 Electromagnetic surveys 
Figure 4.7 and Figure 4.8 show images of the gridded EM38 and EM31 electromagnetic 
survey data. The colours have been assigned using the salinity classes defined in 
Table 3.1. While the same colour has been used for each salinity class in the two 
images, the actual range of electrical conductivity values for each salinity class is 
different for the two instruments.  
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Figure 4.7 EM38 electromagnetic survey of  the near-surface prof i le (maximum 
depth of  0.75m) 
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Figure 4.8 EM31 electromagnetic survey of  the prof i le to a maximum depth of  
5.5m 
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5 Discussion 
5.1 Groundwater levels 
Within the Arrowsmith Hydrozone, observations spanning more than 20 years show that 
the Gingin Scarp forms a hydrological boundary between different types of groundwater 
responses to rainfall. Figure 4.4 shows this contrast across the Gingin Scarp, less than 
50km south-south-east of the Irwin focus area. The reason for this difference remains 
unclear. 
5.1.1 Groundwater levels east of the Gingin Scarp 
Despite declining rainfall, groundwater level monitoring shows that groundwater is rising 
in the Arrowsmith Hydrozone east of the Gingin Scarp, in the Arrowsmith soil-landscape 
zone. This is the case in both mid-slope (bore 08AZ9D) and valley floor (bore 08AZ8D) 
locations, as shown in Figure 4.1. The groundwater levels were plotted as elevations in 
mAHD to compare trends on the same graph. 
To the south, bore LS25B, also in an elevated position east of the Gingin Scarp, shows 
consistently rising groundwater levels with an episodic response to high rainfall in 1999 
(Figure 4.4). 
On the floor of the Irwin River valley east of the Gingin Scarp, there is a significant risk 
of dryland salinity developing. In April 2018, the watertable was 1.7m below ground 
level and rising at a rate of 8cm/y in bore 08AZ8D. Irrigating such an area would 
accelerate the rate at which groundwater levels are rising, and speed up the process of 
salinisation. 
This hazard makes this part of the Irwin focus area unsuitable for intensive, irrigated 
horticulture. The risk of salinity developing was the basis for restricting the drilling and 
electromagnetic investigations of the Yardarino Flats and not undertaking any further 
investigations east of the Gingin Scarp. 
5.1.2 Groundwater levels west of the Gingin Scarp 
Groundwater levels west of the scarp in the Geraldton Coastal soil-landscape zone are 
closely correlated to AMRR. While the groundwater level in bore LS25B (east of the 
scarp) has risen 4m, the level in bore LS21B (west of the scarp) has fallen 3m, closely 
correlated to declining rainfall (Figure 4.4).  
Groundwater response in the other two monitoring bores west of the scarp also 
correlate with AMRR. Within the Irwin focus area, groundwater levels in bore GS18B, 
on the edge of the Yardarino Flats, have fallen by 1.7m since 1999 (Figure 4.2). About 
40km north-north-west of the Irwin focus area, groundwater levels in bore GS13, on the 
Greenough Flats in the Geraldton Coastal soil-landscape zone, have declined by more 
than 3m since 2001 (Figure 4.3). 
Of the three bores west of the Gingin Scarp, groundwater is shallowest in bore GS18B 
on the Yardarino Flats. In July 1999, the watertable rose to 3.5m below ground level. 
Since then, the groundwater level has mostly fallen in response to declining rainfall. As 
of April 2018, the watertable is 5.3m below ground level at this site (Figure 4.2). 
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5.1.3 Groundwater levels in the drilling investigation area 
The drilling results showed that the watertable has a westward gradient under the 
Yardarino Flats, reaching 0.3% in the north of the drilling investigation area. This 
explains why the watertable was not intersected at 5 of the 14 shallow bores. 
One of the aims of establishing a grid of shallow bores was to investigate spatial 
variability in infiltration rates. We expected that significant rainfall would generate a 
response in the watertable, allowing us to estimate recharge thresholds and to predict 
watertable response to irrigation. Unfortunately, it barely rained after we installed the 
shallow bores, so the hydrographs are virtually flat (Figure 4.5). No recharge occurred 
throughout the observation period.  
At bore 16IR8OB, we believe there is very slow groundwater recovery in a very heavy 
clay profile. Another theory is that groundwater is stagnant in the heavy clay profile we 
encountered at all of the drill sites. Throughout the monitoring period, the watertable 
dropped 24cm at bore GS18B on the edge of the flats. This type of groundwater 
response to the AMRR indicates a more permeable profile. The profile at bore GS18B is 
only 4m of sand and clay overlying Tamala Limestone (Koomberi 1994). The inability for 
the heavy clay profile to drain presents a significant irrigation hazard. 
5.2 Drill cuttings 
The volumetric water content results support our field observations that the soil water 
content was at its upper storage limit. The profile was only dried out to the rooting depth 
of the harvested canola crop.  
With such a high residual volumetric water content, irrigation might rapidly saturate the 
profile which has little ability to leach salts. This presents a hazard for intensive 
horticulture, especially if the water used for irrigation is not fresh. 
The highest measured EC1:5 value in the 0–1m samples was 99mS/m. This level of soil 
salinity is likely to reduce wheat yields by about 10% in a clay soil (George & Wren 
1985), but many horticultural crops have an even lower tolerance than this. The 
average EC1:5 of the 0–1m samples from all sites is 37mS/m. On a well-drained clay soil, 
this would be enough to cause declines in yield of 10% in crops such as cabbage, 
sweet corn, broad beans, potatoes and grapes (George & Wren 1985). Declines of 25% 
could be expected in crops such as peach, plum, almond and radish, and 50% in 
strawberry. 
While more-detailed studies are required to more accurately determine salt levels in the 
soil, this investigation suggests that current salinity levels in the top metre of the soil 
profile could affect some of the suitable crops identified by van Wyk (2018). 
A combination of salinity and waterlogging on these clay flats would lead to more 
severe impacts and affect a wider range of crops. Griffin et al. (in press) found that the 
clay subsoils are also sodic, which would contribute to reduced permeability and poor 
aeration in these soils. Any further build-up of salts from irrigation, especially if the water 
supply is not fresh, would exacerbate the problems. 
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5.3 EM39 downhole log 
The EM39 downhole logs show a similar salt storage pattern to the laboratory EC1:5 
measurements (Appendix A) — a salt bulge beginning at about 3m deep and peaking 
around 7–10m deep. 
It is difficult to precisely relate EM39 conductivity readings to absolute salt content in the 
soil profile because factors such as clay content, soil moisture and temperature affect 
the readings (McNeill et al. 1990). However, as a general rule, an EM39 reading will be 
at least twice that of a laboratory EC1:5 value, as shown in these graphs (Appendix A). 
Furthermore, EM39 logging is continuous whereas the EC1:5 measurements were 
calculated using a 10g sample of ground soil taken from typically 0.5kg of cuttings 
bulked up over 1m increments. In addition, the cuttings were retrieved by auger, which 
is not a precise sampling technique because samples can be contaminated with 
material from higher up in the soil profile. So, while the EC1:5 gives a more accurate 
picture of actual salt storage, the EM39 provides more detail about variation down the 
profile. 
The gamma logs suggest that the base of the clay was intersected at 6 of the 12 sites 
on the alluvial clay flats. At these sites, the thickness of the clay is about 9.5m. The 
depths of texture boundaries on the drill logs do not always match changes in the 
gamma logs. This probably reflects inaccuracies in estimating the depth of changes 
from the auger samples and possible contamination from materials higher in the profile. 
Where the clay horizon had been fully penetrated, the EM39 profiles show the bottom of 
the salt bulge typically correlates with the base of the clay. 
5.4 Electromagnetic surveys 
The electromagnetic surveys did not reveal any unusual or distinct features. 
The EM38 and EM31 images show blue zones of low conductivity on the edges of the 
drilling investigation area, which correlate with sandy rises on the edge of the Tamala 
ridges. 
Given the high clay content in the topsoil the EM38 results could be slightly 
overestimating the salinity levels. Readings from the top 0.75m show that most (71%) of 
the drilling investigation area has low salinity or is only slightly saline. Most of this area 
was mapped as being slightly saline (35–70mS/m) (Figure 4.7). Using the conversion 
formula in Bennett et al (1995), this equates to an EC1:5 range of 13 to 28mS/m. This is 
slightly lower than the surface and 0–1m EC1:5 measurements. It suggests there may be 
enough salt within the top metre to affect some sensitive horticultural crops, with 
minimal effects on crops like wheat. 
Only 1.2% of the drilling investigation area is highly saline, the remainder being 
moderately saline (EM38 70–150m/Sm) which converts to an EC1:5 range of 28 to 
61mS/m. The highly productive crop grown in 2016 supports the data from the EM39 
downhole logging, the EC1:5 measurements and the EM38 data and the theory that salt 
levels in the surface soils are not impeding broadacre crops. However, the yield of more 
sensitive horticultural crops could be significantly affected. 
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The EM31 survey showed that 52% of the area is moderately to extremely saline 
(Figure 4.8). 
The EM39 downhole logging, EC1:5 measurements and results of the EM31 survey 
confirm that the salt is stored a few metres deep. Since groundwater is not rising in this 
landscape, this is not a hazard for dryland agriculture. However, if groundwater levels 
rise and the area is irrigated, this large salt store will become a significant hazard. 
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6 Conclusion 
The Irwin focus area comprises two lobes separated by the Gingin Scarp. East of the 
scarp, the focus area follows the course of the Irwin River valley upstream. West of the 
scarp, it extends south from the Irwin River across the Yardarino Flats. 
While the entire Irwin focus area is thought to be underlain by an unconfined aquifer in 
the Yarragadee Formation, groundwater behaviour is starkly different either side of the 
Gingin Scarp. East of the scarp, groundwater levels are steadily rising. West of the 
scarp, groundwater levels are falling because changes in groundwater level are closely 
correlated to AMRR, and rainfall has declined since 2000. 
There is a moderate to high risk of dryland salinity developing on the floor of the Irwin 
Valley east of the scarp. The existing hazard of rising groundwater and salinity would be 
exacerbated by irrigation, especially given the levels of salt in the soil profile. These 
factors make this part of the Irwin focus area unsuitable for intensive horticulture. 
To the west of the Gingin Scarp, falling groundwater levels suggest a significantly lower 
risk of dryland salinity. Here, the Yardarino Flats south of the Irwin River were selected 
for further investigation. The alluvial clays of these flats have long been very productive 
for dryland cropping, as demonstrated by the above-average yields of canola and wheat 
in 2016. The watertable has a westward gradient and ranges in depth from 4.85m to 
over 12.3m below ground level. Groundwater salinity at the watertable is variable, 
ranging from brackish to saline (210–2390mS/m). There is no recognisable pattern in 
groundwater salinity. 
Electromagnetic surveys and analysis of soil samples from the drilling investigation area 
suggest that salinity levels in the top metre of the soil profile are unlikely to affect 
broadacre crops, such as wheat and canola, but may reduce yields of more-sensitive 
horticultural crops. Given the low permeability of the clay soils and relatively flat 
topography, irrigation of these flats is likely to lead to further build-up of salts, especially 
given the brackish water quality in the Yarragadee aquifer. 
At all drill sites on the alluvial clay flats, there is a salt bulge that usually begins at about 
3m below the surface and appears to extend to the base of the alluvial clay which is 
about 9.5m deep. Since groundwater is not rising, this salt store is not a hazard for 
dryland agriculture. However, if the area is irrigated, this large salt store will potentially 
become a hazard. 
Given the current productivity of broadacre agriculture and the potential for irrigation 
salinity to develop, the Yardarino Flats do not appear to be suitable for intensive 
horticulture. 
Hydrological hazards in the Irwin focus area 
28 
Appendixes 
A Drill logs 
B Laboratory results 
Appendix A 
29 
Appendix A Drill logs 
 
Figure A1 Dri l l  log for bore 16IR1OB 
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Figure A2 Dri l l  log for bore 16IR2OB 
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Figure A3 Dri l l  log for bore 16IR3OB 
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Figure A4 Dri l l  log for bore 16IR4OB 
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Figure A5 Dri l l  log for bore 16IR5OB 
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Figure A6 Dri l l  log for bore 16IR6OB 
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Figure A7 Dri l l  log for bore 16IR7OB 
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Figure A8 Dri l l  log for bore 16IR8OB 
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Figure A9 Dri l l  log for bore 16IR9OB 
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Figure A10 Dr il l  log for bore 16IR10OB 
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Figure A11 Dr il l  log for bore 16IR11OB 
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Figure A12 Dr il l  log for bore 16IR12OB 
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Figure A13 Dr il l  log for bore 16IR13OB 
Hydrological hazards in the Irwin focus area 
42 
 
Figure A14 Dr il l  log for bore 16IR14OB
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Appendix B Laboratory analysis of drill cuttings 
Table B1 Laboratory analysis of dril l cuttings from bore 16IR1OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 4.8 n/a n/a 97.2 8.06 
0–1 14.1 2.22 31.4 41.5 8.48 
1–2 15.5 2.1 32.6 81.9 9.01 
2–3 13.0 2.26 29.4 72.5 9.00 
3–4 n/a n/a n/a 67.7 9.09 
4–5 8.9 2.39 21.3 64.7 9.30 
5–6 8.5 2.29 19.5 65.2 9.43 
6–7 11.3 n/a n/a 72.3 9.34 
7–8 12.0 1.1 13.1 78.4 9.24 
8–9 14.9 2.17 32.4 96.3 8.92 
9–10 13.9 2.22 30.9 53.2 8.38 
10–11 13.3 2.19 29.1 74.1 8.17 
11–12 12.7 2.14 27.1 89.9 8.61 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B2 Laboratory analysis of dril l cuttings from bore 16IR2OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 3.5 2.01 7.1 23.4 7.88 
0–1 13.7 2.19 30.0 27.0 8.54 
1–2 17.4 2.21 38.4 60.6 9.08 
2–3 13.9 2.21 30.8 61.3 9.45 
3–4 15.2 2.15 32.6 41.2 9.56 
4–5 12.5 2.12 26.6 65.5 9.21 
5–6 10.4 2.13 22.1 71.1 8.96 
6–7 10.3 2.3 23.6 76.7 8.81 
7–8 12.2 2.19 26.7 81.6 7.42 
8–9 11.8 2.14 25.3 86.9 6.30 
9–10 11.5 2.16 24.9 93.6 7.47 
10–11 13.3 2.11 28.1 77.9 7.37 
11–12 16.1 2.14 34.4 54.6 7.60 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B3 Laboratory analysis of dril l cuttings from bore 16IR3OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 4.0 n/a n/a 28.3 7.86 
0–1 15.8 2.19 34.64 33.8 8.41 
1–2 16.5 2.08 34.33 73.7 8.98 
2–3 14.7 2.17 31.91 52.6 9.40 
3–4 13.8 2.18 30.01 56.9 9.17 
4–5 14.5 2.17 31.37 53.7 9.08 
5–6 14.3 2.12 30.29 66.1 8.86 
6–7 13.6 2.20 29.96 80.9 8.52 
7–8 14.5 2.13 30.89 83.3 7.94 
8–9 13.0 2.19 28.46 92.3 8.29 
9–10 11.9 2.26 26.87 80.4 8.73 
10–11 8.0 2.37 18.88 57.7 8.90 
11–12 3.9 n/a n/a 36.1 9.21 
12–13 4.0 n/a n/a 33.9 9.23 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B4 Laboratory analysis of dril l cuttings from bore 16IR4OB 
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 2.7 n/a n/a 19.6 7.98 
0–1 14.9 2.16 32.215 27.7 8.48 
1–2 17.3 2.02 34.895 58.7 9.13 
2–3 16.7 2.14 35.805 61.5 9.33 
3–4 15.0 2.18 32.635 58.1 9.27 
4–5 10.8 2.21 23.779 53.3 9.00 
5–6 12.9 2.14 27.601 77.2 8.60 
6–7 16.4 2.15 35.157 75.4 5.49 
7–8 14.8 2.15 31.732 85.5 6.55 
8–9 13.9 2.21 30.627 50.0 5.43 
9–10 14.2 2.19 31.113 40.5 5.56 
10–11 14.6 2.13 31.179 33.5 5.61 
11–12 27.1 2.13 57.72 66.6 5.16 
12–13 26.7 2.05 54.64 92.3 6.47 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B5 Laboratory analysis of dril l cuttings from bore 16IR5OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 4.5 2.09 9.5 21.6 8.10 
0–1 16.4 2.06 33.8 29.7 8.63 
1–2 20.7 2.12 43.9 61.8 9.39 
2–3 17.4 2.09 36.4 70.8 9.34 
3–4 17.9 2.16 38.8 82.5 9.21 
4–5 12.4 2.14 26.6 77.2 9.12 
5–6 13.3 2.14 28.4 96.4 8.22 
6–7 14.0 2.14 30.0 97.1 8.43 
7–8 15.2 2.13 32.3 142.3 7.92 
8–9 15.2 2.17 33.0 143.3 7.97 
9–10 15.1 2.13 32.2 122.6 7.96 
10–11 16.8 2.06 34.7 110.7 8.07 
11–12 14.9 2.13 31.8 101.5 8.13 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B6 Laboratory analysis of dril l cuttings from bore 16IR6OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 5.6 2.06 11.5 19.4 8.18 
0–1 12.4 2.05 25.5 30.6 8.71 
1–2 15.6 2.15 33.6 53.5 9.28 
2–3 15.8 2.19 34.7 55.9 9.41 
3–4 19.1 2.10 40.1 60.9 9.20 
4–5 13.5 2.13 28.7 54.1 9.10 
5–6 14.7 2.16 31.7 58.4 8.51 
6–7 14.5 2.22 32.1 69.2 8.41 
7–8 14.5 2.18 31.6 82.2 8.24 
8–9 15.2 2.17 32.9 92.4 8.43 
9–10 15.0 2.20 33.0 95.6 8.37 
10–11 10.5 2.36 24.7 70.5 8.58 
11–12 7.8 2.32 18.1 54.9 8.58 
12–13 5.9 n/a n/a 46.2 8.91 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B7 Laboratory analysis of dril l cuttings from bore 16IR7OB 
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 2.6 n/a n/a 32.6 7.87 
0–1 13.7 2.15 29.5 35.7 8.76 
1–2 16.7 2.16 36.2 55.4 9.22 
2–3 17.9 2.15 38.5 67.9 9.31 
3–4 18.5 2.08 38.4 74.6 9.31 
4–5 18.7 2.10 39.2 79.7 9.24 
5–6 12.0 2.18 26.1 73.7 9.05 
6–7 12.4 2.21 27.4 68.8 8.88 
7–8 15.8 2.07 32.7 42.8 8.21 
8–9 16.2 2.11 34.2 19.9 8.08 
9–10 16.3 2.06 33.7 26.3 7.98 
10–11 14.1 2.12 29.9 16.4 8.32 
11–12 14.9 2.10 31.2 16.4 8.24 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B8 Laboratory analysis of dril l cuttings from bore 16IR8OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 1.8 n/a n/a 31.4 8.09 
0–1 12.3 2.12 26.2 23.5 8.38 
1–2 17.0 2.08 35.4 54.0 9.31 
2–3 18.0 2.13 38.4 57.6 9.47 
3–4 19.2 2.19 42.1 46.9 9.50 
4–5 16.8 2.20 36.9 53.2 9.30 
5–6 10.2 2.29 23.3 31.6 8.21 
6–7 13.5 2.27 30.7 39.4 7.22 
7–8 16.5 2.16 35.7 74.0 6.87 
8–9 18.4 2.20 40.4 101.3 6.02 
9–10 17.6 2.16 38.1 119.1 6.52 
10–11 19.7 2.20 43.4 128.5 7.48 
11–12 18.8 2.13 40.1 147.1 8.73 
12–13 17.5 2.20 38.5 143.0 8.83 
13–14 18.2 2.13 38.7 134.3 8.65 
14–15 17.3 2.16 37.3 123.7 8.68 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B9 Laboratory analysis of dril l cuttings from bore 16IR9OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 0.5 n/a n/a 24.9 8.12 
0–1 18.0 2.14 38.5 41.3 8.80 
1–2 18.1 2.13 38.6 73.5 9.37 
2–3 19.4 2.12 41.2 72.8 9.44 
3–4 19.2 2.15 41.4 80.4 9.09 
4–5 15.6 2.2 34.4 51.3 8.70 
5–6 14.0 2.27 31.8 71.4 7.95 
6–7 14.2 2.19 31.1 83.5 6.88 
7–8 14.4 2.2 31.8 112.2 7.16 
8–9 17.5 2.13 37.3 148.0 6.85 
9–10 16.8 2.17 36.5 154.7 6.45 
10–11 16.9 2.22 37.5 161.4 5.82 
11–12 17.1 2.14 36.7 151.6 6.49 
12–13 16.6 2.15 35.8 159.4 6.38 
13–14 17.2 2.17 37.2 161.1 6.43 
14–15 16.7 2.17 36.3 145.8 6.59 
15+ 17.6 2.19 38.6 134.5 6.57 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B10 Laboratory analysis of dri l l  cuttings from bore 16IR10OB 
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 0.7 n/a n/a 26.1 8.02 
0–1 14.0 2.28 32.0 30.9 8.63 
1–2 16.2 2.18 35.4 55.8 9.02 
2–3 20.3 2.12 43.1 76.8 9.13 
3–4 22.7 2.01 45.6 85.7 9.00 
4–5 23.3 1.98 46.1 103.4 8.76 
5–6 22.7 2.02 45.9 93.0 8.48 
6–7 22.2 2.04 45.4 104.2 8.36 
7–8 23.2 2.03 47.2 106.8 8.00 
8–9 22.0 2.08 45.8 122.7 7.98 
9–10 20.9 2.1 43.9 131.6 8.26 
10–11 19.6 2.06 40.5 114.8 8.46 
11–12 19.1 2.04 39.1 135.1 8.34 
12–13 20.5 2.11 43.3 123.8 8.30 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B11 Laboratory analysis of dri l l  cuttings from bore 16IR11OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 2.4 n/a n/a 28.6 7.82 
0–1 20.4 2.07 42.3 33.2 8.58 
1–2 20.8 2.03 42.2 62.0 9.00 
2–3 20.3 2.11 42.8 85.8 9.09 
3–4 20.3 2.01 40.8 107.7 9.01 
4–5 21.7 2.08 45.1 130.3 8.77 
5–6 21.9 2.06 45.1 149.6 8.46 
6–7 21.5 2.06 44.3 158.5 7.70 
7–8 20.9 2.04 42.6 166.7 7.72 
8–9 20.4 2.11 43.1 171.6 7.62 
9–10 19.9 1.99 39.6 175.6 8.24 
10–11 19.5 2.08 40.6 164.7 8.07 
11–12 20.3 2.05 41.6 183.8 8.19 
12–13 20.8 2.02 42.0 192.0 8.42 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B12 Laboratory analysis of dri l l  cuttings from bore 16IR12OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 1.9 n/a n/a 28.8 7.89 
0–1 17.9 n/a n/a 99.3 8.18 
1–2 19.8 2.01 39.8 173.5 8.57 
2–3 18.6 2.09 38.8 177.0 8.73 
3–4 19.2 2.01 38.5 175.3 8.86 
4–5 21.6 2.05 44.3 194.2 8.56 
5–6 21.1 2.11 44.5 210.0 8.43 
6–7 20.8 2.11 43.9 205.0 8.40 
7–8 21.0 2.13 44.7 204.0 8.32 
8–9 19.7 2.03 40.1 187.4 8.44 
9–10 19.9 2.07 41.3 163.8 8.53 
10–11 17.7 2.16 38.2 134.2 8.57 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B13 Laboratory analysis of dri l l  cuttings from bore 16IR13OB  
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 7.6 n/a n/a 15.5 7.87 
0–1 17.3 2.16 37.4 45.5 8.31 
1–2 17.6 2.08 36.5 101.3 8.79 
2–3 18.1 2.11 38.2 83.8 9.08 
3–4 19.7 2.02 39.9 94.8 8.94 
4–5 19.4 2.12 41.2 95.0 8.81 
5–6 16.5 2.09 34.4 88.3 8.41 
6–7 15.8 2.13 33.7 110.7 8.45 
7–8 11.6 2.24 26.0 56.9 8.66 
8–9 25.0 2.17 54.3 31.2 7.60 
9–10 13.7 2.32 31.7 19.1 7.54 
10–11 17.3 2.16 37.4 21.6 7.28 
11–12 17.0 2.2 37.4 21.2 7.38 
12–13 19.6 2.29 44.9 29.6 7.33 
13–14 28.5 2.31 65.8 28.6 7.27 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
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Table B14 Laboratory analysis of dri l l  cuttings from bore 16IR14OB 
Depth (m) 
Gravimetric 
water 
content (%) 
Bulk density 
(g/cm3) 
Volumetric 
water 
content (%) EC1:5 (mS/m) pHw 
Surface 0.0 n/a n/a 32.3 6.85 
0–1 4.9 n/a n/a 23.6 7.26 
1–2 10.0 2.51 25.0 67.1 8.57 
2–3 8.4 2.38 20.0 64.5 8.37 
3–4 6.8 2.27 15.3 52.5 7.53 
4–5 10.5 2.21 23.2 37.7 8.49 
5–6 10.9 2.35 25.6 31.4 8.99 
6–7 19.8 2.24 44.3 34.4 8.91 
g/cm3 = grams per cubic centimetre; pHw = pH measured in distilled water; n/a = not assessed 
Shortened forms 
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Shortened forms 
Short form Long form 
AMRR accumulative monthly residual rainfall 
BoM Bureau of Meteorology 
°C degrees Celsius 
cm centimetre 
DPIRD Department of Primary Industries and Regional Development 
EC1:5 electrical conductivity of a 1:5 soil:water suspension 
GPS global positioning system 
h hour 
ha hectare 
kg kilogram 
km kilometre 
km/h kilometres per hour 
km2 square kilometre 
m metre 
m2 square metre 
mAHD elevation in metres above the Australian Height Datum  
mBGL metres below ground level 
mg/L milligrams per litre 
mL millilitre 
mm millimetre 
mS/m millisiemens per metre 
uPVC unplasticised polyvinyl chloride 
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